Abstract To maximize the sludge degradation efficiencies during anaerobic digestion, pre-ozonation of raw activated sludge and/or post-ozonation of anaerobically digested sludge were used in combination with a reactor operated without solid withdrawal (closed loop operation scheme). Out of the two studied configurations, the configuration with the post-ozonation of digested sludge was found to be superior with respect to degradation efficiencies, lower accumulation of total volatile solids (TVS) and lower required ozone dose. The TVS concentration in the reactor with post ozonation was found to be around 26 ± 2 g/l at an average TVS loading of 0.6 kgTVS/m 3 .d. The maximum TVS removal efficiencies were observed to be around 85% with average specific gas recoveries of 0.36 l CH 4 /gTVS fed. The ozone dose of 3% on the recycle sludge was found to be sufficient as it was observed that the higher ozone doses of 6% neither improved the TVS reduction efficiency nor reduced the TVS concentration in the reactor. The ozone requirements were estimated at around 0.054 gO 3 /gTVS removed or 0.045 gO 3 /gTVS fed. The soluble COD concentrations from the reactor ranged from 500-875 mg/l with negligibly small amount of VFA. The average COD in the centrate of the digested sludge was around 3000 mg/l suggesting the presence of colloidal COD in the reactors.
Introduction
Anaerobic digestion of sewage sludge is one of the fundamental processes in sewage sludge treatment for reducing and stabilizing the organic solids. However, the VS reduction efficiency during anaerobic digestion is greatly limited by the hydrolysis of solids. Considering the ever-increasing cost of sludge handling and disposal, development of processes that can economically lead to improvement in solid degradation efficiencies is of increased research attention.
In the past, thermal, chemical, and thermo-chemical methods (Haug et al., 1978; Stuckey and McCarty, 1984; Tanaka et al., 1997) have been used to solubilize the sludge solids before anaerobic digestion to improve the solid degradation efficiency. These pretreatment processes offering moderate level of improvements, have found limited applications because of problems of cumbersome maintenance. Recently, research efforts have been made to use physical or chemical oxidation pretreatment methods (Yasui and Shibata, 1994; Tiem et al., 1997; Kopp et al., 1997; Weemaes et al., 2000) to alleviate maintenance related problems through simpler process configuration.
However, sludge pretreatment only leads to moderate level of improvements in solid reduction efficiency and in many situations may not be economically viable. Therefore, it seems necessary to develop more challenging process schemes that can further improve the solid degradation efficiencies. In the present study, ozonation of sludge was tested as a new method for solubilizing sludge solids. Moreover, a new process scheme referred to as "closed loop operation" having no intentional solid withdrawal was used to maximize the solid reduction. In the closed loop operation, the conventional step of solid withdrawal was replaced with a recirculation line through post-ozonation (ozonation of digested solids). In this way much longer retention times were maintained for substrate solids, while, for active biomass the retention time was controlled by controlling the amount of solids passing through post-ozonation. In this flow scheme, it is expected that the organic solid degradation efficiencies will be maximized at the expense of solid accumulation in the reactor. However, too much accumulation of solid in the reactor is checked by constantly yielding a substrate of improved biodegradability through post-ozonation. The amount of solid accumulation in the reactor and the level of improvement in organic solid removal are important considerations for the feasibility of closed loop operation. Pretreatment of sludge in combination with post-ozonation is another option for controlling the solid build-up in the reactor and was also considered in this study.
The objectives of this work were to: 1) estimate the solid accumulation and corresponding organic solid removal efficiencies under different operational conditions in a closed loop operation; 2) confirm the role of pre-ozonation when operated in combination with post-ozonation; and 3) develop a steady state model to understand the role of pre/post ozonation.
Experimental methods
An experimental study was undertaken using 2 l jar fermenters that were operated continuously for 180 days under controlled conditions. The details of the experimental procedure are described in the following sections.
Synthetic sludge source
A 160 l activated sludge SBR was operated for cultivating the activated sludge required for feeding to the anaerobic digesters. The concentrated substrate containing yeast extract, meat extract, fructose syrup and phosphoric acid was used. The sludge from the SBR was washed with tap water and MLSS was adjusted to around 25 g/l before feeding to the anaerobic digester.
Ozonation of activated sludge and digested sludge Two litre completely mixed reactor was used to prepare the ozonated sludge. The ozone gas concentration was monitored and used along with the inlet ozone concentration to estimate the applied ozone amounts. The ozonation of raw sludge and digested sludge were carried out separately. The ozonation of the raw and digested sludge was performed twice per week and the ozonated sludge was stored in a refrigerator for feeding through the week.
Flow scheme for continuous operation
The process configurations studied during the experiment are shown in Figure 1 . Two different configurations were studied. In the first configuration (I) post-ozonation of digested sludge was used while in the second configuration (II) both the pre-ozonation and postozonation were applied. For each configuration, two alternatives (1 and 2) having differences with respect to ozone doses were operated simultaneously to understand the role of applied ozone amount on the process performance. The operational scheme for different configurations with alternatives is shown in Table 1 . The digesters used in the study were started up with anaerobic sludge well acclimated to the ozonated substrate from previous experiments. The initial TVS concentration in the reactors was around 12 g/l.
Monitored parameters
Total solids (TS), total volatile solids (TVS), soluble COD and ammonia were regularly monitored in the reactors. SS and VSS and VFA in the reactors were measured occasionally. The parameters were measured according to procedures described in Goel et al., (2003) .
The laboratory scale anaerobic digesters were operated continuously for a period of 240 days and the results are described in the following sections.
Behavior of organic and inorganic solids in the reactor
The observed trend of increase in TVS concentration in all the reactors is shown in Figure 2 . The TVS in all the reactors showed an increasing trend, although the rate of increase of solids appeared to decrease as the operation was continued. After about 140 days of operation, the TVS concentrations in the reactors seemed to have stabilized. The TVS accumulation in the reactor of configuration II-1 and II-2 was observed to be higher than that of configuration of I-1 and II-2 despite two points of ozonation in the later case.
The first observation suggests that a pseudo-steady state was achieved for the closed loop reactors and under such conditions the solids fed to the reactors balanced with the sum of the solids digested and the solids lost in the effluent and sampling. The later observation Figure 2 The trend of TVS in the reactors suggested that two-point ozonation was not as effective as it had been considered to be before the start of experiments.
The concentration of inorganic solids in the reactors is shown in Figure 3 . The inorganic solids increased in the system as the operation time proceeded. The total inorganic solids load to the digester was around 0.06 g inorganic/l. d and almost all of it was bound to the biomass (insoluble form). If all of these inorganic were to stay in the system then theoretically a large increase of inorganic solids can be expected in the reactors. However, as can be seen from Figure 3 , most of the inorganic solid left the digester leading to a stable inorganic solid concentration in the digester. As synthetic sludge was used in these experiments, it remains to be verified whether, similar inorganic behavior can be expected from sludge from real wastewater treatment plants.
TVS removal efficiencies
A mass balance for a period after pseudo-steady state was achieved is presented in Table 2 . According to the mass balance, about 9-13% of the TVS were lost in the effluent. About 5-6% of the TVS were estimated to be lost during sampling of sludge samples for TS, TVS and other measurements. The TVS mineralization efficiency was estimated to be 85%, 82%, 86%, 86% for reactor nos. I-1, II-1, I-2, II-2 respectively. The TVS removal efficiency for different reactor configurations was not found to be significantly different, suggesting that both the pretreatment and posttreatment could be applied without affecting the process efficiencies significantly.
Methane recoveries
In Table 3 , a comparison of TVS removal efficiencies based on both the gas recovery and TVS mass balance is presented. Even though the calculated efficiencies by two approaches (gas measurements and solid balance) are quite close, the gas recoveries seem to be about 90-94% of the theoretical expected values. The lower methane recoveries are considered to be mainly due to loss of COD during ozonation stage by partial mineralization. It has been studied and verified earlier that about 2 to 10% of the solids could be lost during ozonation due to mineralization depending on the ozone dose (unpublished data). From Table 3 , it can be seen clearly that differences in TVS removal efficiencies was higher for configuration II-1 and II-2 for which ozonation was carried out at two points.
Soluble and supernatant COD
The filtered effluent COD in all the reactors was observed to lie in a range of 500-875 mg/l. The measured VFA concentrations were always lower than 100 mg/l. The COD concentrations after centrifugation at 6,000 rpm for 5 min in the supernatant were consistently higher than the filtered COD concentrations, suggesting fine particles and colloids could not be completely removed from the supernatant. The observed supernatant COD ranged from 2,500 to 3,500 mg/l. The higher values typically associated with the reactor no. II-1 and II-2, which were fed with pre-ozonated sludge, suggesting pre-ozonation may lead to production of higher colloidal COD.
Ozone requirements
The specific ozone requirements in the reactor configuration I-1 was found to be a minimum at 0.054 gO 3 /gTVS removed. For configuration I-2, II-1 and II-2, the specific ozone requirements worked out to 0.079, 0.085 and 0.072 gO 3 /gTVS removed respectively. Comparing I-1 and I-11 in which the flow schemes were identical except that the ozone dose on the recycled sludge in R3 was twice, it appears that using a high ozone dose was ineffective as no significant difference in the overall performance of these reactors was observed.
Steady state model for system analysis
The mass balance for volatile solids for the system in Figure 4 can be described by the following equations.
(1
Where: Q 1 : Flow rate of raw sludge (l/d) X 1 : Solid concentration in the raw sludge (mg/l) η 1 : The solid removal efficiency for raw sludge(%) Q r : Flow rate of recirculated ozonated sludge (l/d) R. Goelet al.
265 Table 3 Comparison of TVS removal efficiencies based on solid balance and gas production Table 3 , the TVS removal efficiencies and the gas production have been estimated for a period even before the pseudo-steady state were achieved. Therefore, the values of TVS removal efficiency presented in Table 2 (based on the pseudo-steady state) are different from the values presented in Table 3 (based on longer period data) 2 Considering a theoretical methane production potential of 0. In writing the above mass balance for solids, it is assumed that there is no mineralization during the ozonation stage. For estimating the solid concentration in the reactor, Eq. (1) can be rearranged as below: (2) In the above equation, by knowing the value of η 1 and η 2 the steady state value of solids in the reactors can be predicted. The values of η 1 and η 2 depend on the system sludge retention times and the applied ozone doses. The experimental values of η 1 as determined from previous Chemostat experiments (unpublished data) for different conditions of SRT and ozone dose are as shown in Table 4 . In the present study, since the solid concentration were determined experimentally, the Eq. (2) was rearranged as shown in Eq. (3) and was used to determine η 2 (degradation efficiency of digested ozonated sludge).
(3)
Using the values of η 1 as shown in Table 4 and assuming that about 20% of sludge solids are either lost in the effluent or are unaccounted (i.e. X 3 = 0.20 X 1 ) the values of η 2 for the observed X 2 values was estimated from Eq. (2) and are presented in Table 5 .
Comparing the calculated η 2 values for reactor configuration no. I-1 and II-1 where almost similar ozone dose of 3-4% are applied to the recirculated sludge, the η 2 values for reactor configuration I-1 work out to be more than 50% higher than that for reactor configuration no. II-1. Since the only difference in these configurations is the feed sludge characteristics, it was concluded that post ozonation of digested sludge from the digesters fed with pre-ozonated sludge is not as effective as on the digested sludge from digesters fed with raw sludge. These conclusions were further verified through batch experiments (data not shown). Moreover, comparing the η 2 values for reactor configuration I-1 and I-2, it appears that increased ozone dose of 6% in reactor configuration no. I-1 is only as effective as 3-4% ozone dose of reactor configuration no. I-2.
Conclusions
Sludge pretreatment and/or posttreatment for anaerobic digestion of sludge were studied. The process was operated in a closed loop operation without withdrawal of sludge solids. Two different process configurations each with two different alternatives were tried. The solid degradation efficiencies from different configurations did not differ significantly and ranged between 81-86%. However, considering the required ozone doses and TVS concentrations at the observed solid degradation efficiencies, reactor configuration with post ozonation appeared to be superior to other reactor configurations. The experimental results suggested that one point ozonation with adequate ozone dose is sufficient to achieve good solid degradation efficiencies of over 80%. The specific ozone requirements were estimated to be 0.054 gO 3 /gTVS removed for configuration having only post ozonation (I-1).
Although the filtered COD were low (ca. 500-875 mg/l), the COD in the supernatant obtained after centrifugation at 6,000 g were observed to be high (ca. 2,500 to 3,500 mg/l) and represent about 9-13% of the input COD. Finally, from this laboratory scale studies the ozonation process with closed loop operation is found to be promising in achieving higher solid reduction efficiencies.
